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Abstract 
Earthen and masonry structures are usually heavy and do not possess an integral 
behavior. A consequence of these characteristics, in combination with the adopted 
materials featuring low tensile strength and ductility, is that such structures often 
collapse in a quasi-brittle way, with local failures, usually out-of-plane. This paper 
first addressed the seismic assessment of these structures, by providing some recent 
shaking table tests and blind predictions. Obvious limitations were found in provid-
ing a good estimate of collapse. Subsequently, techniques for retrofitting and 
strengthening are addressed, with applications shown in a real case study. 
Introduction 
Natural hazards have caused a considerable number of disasters in the last dec-
ades. According to the World Bank, from 1975 to 2005 the number of natural dis-
asters increased from approximately 100 to more than 400 (Parker et al., 2007). 
These events lead to important economic impacts (Noy, 2009), deaths and irrecov-
erable losses due to the collapse of existing masonry buildings. Consequently, earth-
quakes contribute significantly to these natural hazard disasters. It is predicted that 
in the current century the total fatalities caused by earthquakes will increase to about 
2.57±0.64 million (Holzer and Savage, 2013). Recent seismic events caused severe 
damages to a considerable number of existing masonry constructions, such as the 
earthquakes in L’Aquila (Italy, 2009) (Augenti and Parisi, 2010), in Canterbury 
(New Zealand, 2010 and 2011) (Leite et al., 2013) or in Emilia (Italy, 2012) (Penna 
et al., 2014). 
Historic earthen and masonry buildings were built for many centuries taking into 
account mostly vertical static loads according to the experience of the builder, usu-
ally, without much seismic concern. The seismic behavior of ancient masonry build-
ings is particularly difficult to characterize and depends on several factors, namely 
the materials properties, geometry of the structure, connections between structural 
and non-structural elements, stiffness of the horizontal diaphragms and building 
condition. However, the different masonry types present common features that lead 
to high seismic vulnerability of these buildings, such as: (a) low tensile strength and 
ductility of masonry; (b) weak connections between orthogonal walls and between 
walls and horizontal diaphragms; (c) high mass of the masonry structural elements; 
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(d) flexible horizontal diaphragms; (e) absence of seismic requirements at the time 
of their construction (Lagomarsino, 2006, Lourenço et al., 2011).  
Regarding the out-of-plane behavior of these structures, the low strength/mass 
ratio of common masonry structures increases their vulnerability in the out-of-plane 
direction because inertia forces are not restrained due to reduced stiffness and 
strength of the masonry walls in that direction. Despite the numerous studies carried 
out so far (a state-of-the-art review is provided by Ferreira et al., 2015 and by Sor-
rentino et al., 2016), numerous issues are still unresolved and scarce consensus ex-
ists amongst experts on the most appropriate methods to use for seismic safety as-
sessment. For this reason, the seismic performance of masonry structures has 
received great attention in the last decade, mainly for masonry buildings without 
box-behavior (Lourenço et al., 2011). However, little consensus exists on the most 
appropriated assumptions and approaches for assessing the seismic safety of unre-
inforced masonry buildings without box-behavior. 
Therefore, the out-of-plane behavior of historic earthen and masonry structures 
remains, possibly, the most challenging response in case of seismic action. As 
demonstrated recurrently all over the world by earthquakes, in case of lack of an 
integral behavior of the building, out-of-plane failure dominates. This is also fa-
vored by the fact that many historic buildings possess large spaces inside, with in-
sufficient connections to transverse structural elements. Even if adequate connec-
tions between elements can be ensured, e.g. by tying walls, enforcing connections 
between walls and enforcing wall to floor connections, it is necessary to avoid dis-
integration of the walls themselves when subjected to out-of-plane actions, espe-
cially in case of rubble masonry. 
The out-of-plane response of these structures or their local mechanisms, often 
assumed as macro-blocks with almost rigid behavior that become independent from 
the global structure is complex. The dynamics of these local mechanisms close to 
collapse are very sensitive to the seismic input (e.g. frequency contents, duration or 
directivity of the signal) but also to the structure itself (e.g. boundary conditions). 
The methods for structural analysis available for this purpose, both for research and 
engineering applications, are rather different in terms of formulation, input, concep-
tual complexity and computational efficiency. For these reasons, the results ob-
tained can also vary greatly. This paper considers, first, a blind test exercise on the 
out-of-plane failure of historic masonry structures, involving prediction, testing and 
postdiction (Lourenço et al., 2017). This involved about 25 international experts in 
the field and clearly demonstrates that further developments are needed in the field. 
Then, one engineering application of seismic safety assessment and strengthening 
of a historic earthen structure is shown. 
Blind test: Out-of-plane shaking testing failure of masonry 
Experts on masonry structures were invited to present their conjectures on the 
dynamic response of two idealized masonry structures tested on a shaking table and 
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subjected to unidirectional ground motion. One structure was constructed of irreg-
ular stone and the other of clay-unit masonry with English bond (Figure 1 and Fig-
ure 2). The walls of the brick structure were built with perforated brick, and cement-
based mortar, whereas the walls of the stone specimen were built with granite stone 
and lime-based mortar. The configuration of each structure included a single perfo-
rated unreinforced wall with a gable, and return walls on both ends. In each struc-
ture, an opening was placed in one of the returning walls, resulting in an asymmetry, 
and consequently, inducing torsional movements. The thickness of the walls was 
equal to 0.500 m and 0.235 m for the stone and brick structure, respectively. Each 
structure was tested on the LNEC shaking table in Lisbon (Portugal). For details on 
the shaking table tests, see Candeias et al. (2017). 
 
        (a)                                                       (b) 
Figure 1 – Stone structure: (a) general view; (b) return wall with opening. 
 
  (a)                                                          (b) 
Figure 2 – Brick structure: (a) general view; (b) return wall with opening. 
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Expert results 
The geometry of the structures, the material properties (specific mass, Young´s 
modulus, tensile and compressive strength), the normalized accelerogram envelopes 
of the seismic action applied at the base, and the corresponding response spectra 
were provided to the experts. No specific requirements were given to experts in 
terms of the types of computed results they needed to provide. 
The experts presented several modelling approaches, type of structural analysis 
and assessment criteria for predicting the dynamic behavior of the structures. It is 
noted that the predictions were made for either or both test structures depending on 
the expertise of the expert. For details on the predictions of experts, see Mendes et 
al. (2017) and de Felice et al. (2017).  
 
Predictions 
As an example, the different modelling approaches used are given in Table 1 for 
the brick structure. A total of 36 predictions of the seismic capacity were made: 17 
for the brick structure and 19 for the stone structure. Most predictions were per-
formed with rigid block analysis. Since no information was available on the exper-
imental failure mechanism, blind predictions were based either on personal judge-
ment or on preliminary finite elements or discrete elements models.  
Methods based on rigid block analysis represented the mechanism with a single-
degree-of-freedom (SDOF) system subjected to the horizontal static loads in addi-
tion to the self-weight. The collapse condition was then calculated by equilibrium 
equations or with the principle of virtual works, with either a static or a kinematic 
approach. In the static approach, the capacity was estimated as the PGA that acti-
vates the mechanism and the demand was derived from the acceleration response 
spectrum, taking into account the dynamic amplification through the structure and 
the reserve of stability from the activation of the mechanism to the out-of-plane 
overturning. In the kinematic approach, the seismic capacity was identified by 
means of a non-linear analysis, leading to a capacity curve whose ultimate point 
identified the maximum attainable displacement at collapse. The demand was de-
rived from the displacement response spectrum, calculating a fundamental period 
of the equivalent SDOF system. One prediction was performed by integrating the 
equation of motion of a rigid block under earthquake base motion and the PGA was 
calculated as that inducing instability. 
Numerical models with finite elements (FEM, with either macro- or micro-mod-
elling approaches), distinct elements (DEM), or combined finite-discrete elements 
(FEM/DEM) were used to predict the mechanism and/or to assess the seismic ca-
pacity. In finite element macro-models, the masonry was described as an equivalent 
homogeneous material, while in micro-modelling, the units were represented ex-
plicitly and the joints were described by interfaces, where cracking is allowed. Dis-
tinct element models considered some representation of the shape of blocks and 
joints. Differently from limit analysis based approaches, with FEM and DEM the 
failure mechanism was identified directly by the model. Analyses were either static 
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(pushover) under horizontal loads, or dynamic with time-step integration under ar-
tificial accelerograms compliant with the response spectrum provided. In the former 
case (pushover), the capacity was assessed as the peak of the response curve, whilst 
in the latter, simulations were carried out under increasing intensity of the input 
(incremental dynamic analysis, IDA) up to a given definition of failure, and the 
PGA of the last run was taken as the seismic capacity. 
 
Table 1. Example of predictions by experts, for the brick structure (cont.). 
Partic-
ipant 
Mecha-
nism(1) 
PG
A 
[g] 
Modelling 
approach 
Evalu-
ation 
of ca-
pacity 
As-
sess-
ment 
metho
d 
Notes 
 Experimental  1.27  
A 
2 0.30 RB 
S 
(non-
linear)
DB 
Failure mechanism identified 
by personal judgment. Collapse 
displacement predicted through 
displacement response spec-
trum. Collapse PGA estimated 
through time history analyses. 
Postdiction also performed 
7 0.35 RB 
D 
(non-
linear)
FB 
B 4 0.75 RB S (lin-ear) FB 
Failure mechanism identified 
by personal judgment.  
C 2 1.00 RB S (lin-ear) DB 
Failure mechanism identified 
by personal judgment. Collapse 
PGA predicted with the capac-
ity spectrum method as that cor-
responding to a spectral dis-
placement equal to 40% of the 
instable equilibrium displace-
ment. 
E 
2 0.37 RB PVW FB Failure mechanism identified by personal judgment. Collapse 
PGA predicted with a force-
based approach that makes use 
of the Principle of Virtual 
Works, also including dynamic 
amplification, or with a dis-
placement-based approach. 
2 0.39 RB PVW DB 
F 
3 0.42 FEM/DEM + RB IDA DB 
Failure mechanism identified 
by FE model running non-linear 
dynamic analyses under artifi-
cial accelerogram. Collapse 
PGA predicted on an equivalent 
SDOF system with a displace-
ment-based or a force-based ap-
proach. 
Postdiction also performed 
3 0.95 FEM/DEM + RB IDA FB 
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Table 1. Example of predictions by experts, for the brick structure (contd.). 
G 
1 0.40 FEM-macro IDA FB 
Failure mechanism identified by 
FE model. Non-linear dynamic 
analyses performed. Collapse 
PGA predicted as that of the ac-
celerogram used in the analysis in 
which convergence is lost, or 
with pushover analyses under 
mass proportional loads. 
1 0.60 FEM- macro POA FB 
H 6 0.86 
FEM- 
macro 
+ RB 
S (non-
linear) DB 
Failure mechanism identified by 
FE model. Collapse PGA pre-
dicted with limit analysis on 
rigid-block system. 
I 
5 0.57 
FEM- 
macro 
+ RB 
PVW FB 
Failure mechanism identified by 
personal judgment. Collapse 
PGA predicted with a force-based 
approach that makes use of the 
Principle of Virtual Works. 
8 0.75 FEM- macro POA FB 
Failure mechanism identified by 
FE model. Collapse PGA pre-
dicted with pushover analyses un-
der mass proportional loads (two 
software programs used). 
8 0.76 FEM- macro POA FB 
5 1.00 DEM IDA FB 
Failure mechanism identified by 
personal judgement and DE 
model. Non-linear dynamic anal-
yses performed. Collapse PGA 
predicted as that of the accelero-
gram used in the analysis in 
which convergence is lost. 
8 1.00 FEM- macro IDA FB 
Failure mechanism identified by 
personal judgement and FEM 
model.  Non-linear dynamic anal-
yses performed. Collapse PGA 
predicted as that of the accelero-
gram used in the analysis in 
which convergence is lost. 
K 2 0.47 FEM-micro POA FB 
Failure mechanism identified 
with FE model. Collapse PGA 
predicted with a force-based ap-
proach that makes use of the 
Principle of Virtual Works, in-
cluding elastic deformability. 
Postdiction also performed 
PGA: peak ground acceleration at collapse; RB: limit analysis with rigid-body systems; 
FEM -micro/-macro: Finite Element Method with micro-/macro- modelling approaches; 
DEM: Distinct Element Method; S: static analysis; D: dynamic analysis; PVW: principle of 
virtual works; POA: pushover analysis; IDA: incremental dynamic analysis (time-step inte-
gration under earthquake base motion). 
(1) (Mendes et al., 2016) for the predicted failure mechanisms and their numbering. 
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Failure Mechanisms for Predictions 
As an example, eight collapse mechanisms were predicted by the experts for the 
brick structure, see Figure 3. Predictions varied widely, mainly depending on the 
assumption by the experts related to (i) the effectiveness of the connections between 
front and side walls at the corners, (ii) the bending strength of the façade, and 
(iii) the in-plane strength of side walls. Based on their capability of foreseeing the 
above features of the experimental failure mechanism, Mendes et al. (2017) as-
sessed as good two (out of 8) failure mechanisms for the Brick House (#2 and #7). 
Predicting the collapse mechanism of the brick structure resulted more challenging 
than for the stone structure, due to the higher slenderness and flexibility of the walls.  
 
Prediction of the seismic capacity in terms of peak ground acceleration (PGA) 
The predictions of the out-of-plane seismic capacity were scattered, which may 
be considered by itself a demonstration of the scarce consensus amongst researchers 
on suitable strategies to handle this problem, as well as of the difficulty of the pro-
posed challenge. For the brick structure, the predicted PGAs ranged between 0.30g 
to 1.00g, with an average of 0.64g (49% lower than the experimental value) and a 
Coefficient of Variation (CV) of 39%. If only the good predictions of failure mech-
anisms are considered, the mean estimate is 0.48g (CV=50%), which is worse than 
the total mean value (Figure 4a). Better predictions were provided for the Stone 
House on average (PGA=0.91g, 15% lower than the experimental value), but with 
a wider range, from 0.22g to 2.50g (CV=64%). The good predictions of failure 
mechanism led to a slightly better estimate (0.93g and CV=31%, Figure 4b). Note 
that the graphs indicate the failure mechanism corresponding to each prediction and 
the bars of those assessed as good are filled in blue. 
Even though identifying the correct collapse mechanism has to be considered 
fundamental for a reliable estimate of the seismic capacity, the results of the blind 
test predictions indicate that this is not enough, since the estimated collapse PGAs 
differed largely and were mostly incorrect even when a common mechanism was 
assumed. There was no clear relationship between accuracy of the prediction and 
modelling approach. 
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Experimental (PGA=1.27g) Mechanism 1 (PGA: 0.40g; 0.60g) 
Mechanism 2 (PGA: 0.30g; 0.37g; 
0.39g; 0.47g; 1.00g) 
Mechanism 3 (PGA: 0.42g; 0.95g) 
Mechanism 4 (PGA: 0.75g) Mechanism 5 (PGA: 0.57g; 1.00g) 
Mechanism 6 (PGA: 0.86g) Mechanism 7 (PGA: 0.35g) 
Mechanism 8 (PGA: 0.75g; 0.76g; 1.00g) 
 
Figure 3 – Idealized expert predicted collapse mechanisms, brick structure. 
 
Fair
Fair
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                                   (a)                                                               (b) 
Figure 4 – Seismic acceleration (PGA) capacity provided by blind predictions: 
(a) brick structure; (b) stone structure. 
 
Postdictions 
The shaking table tests were simulated a posteriori by six research groups, mak-
ing use of various approaches, ranging from analytical methods based on rigid-body 
mechanisms, to numerical models with finite elements, discrete elements, and com-
bined finite-discrete elements, see de Felice et a. (2017). The previously adopted 
modelling approaches were not used necessarily again by the same groups, as the 
time constraints were different. Obviously, at this stage, the experimental results 
were known, making the task much easier than in blind test predictions. In some 
cases, e.g., with limit analysis, the failure mechanism was assumed as the starting 
point of the assessment. Alternatively, the capability of the model to estimate both 
the failure mechanism and the seismic displacement demand was investigated. The 
experts that run both predictions and postdictions with the same models had the 
possibility to update them, e.g., by re-calibrating some parameters, in order to match 
experimental results.  
Nevertheless, the collapse PGA was not provided by many postdictions, which 
focussed on the assessment of the maximum displacement capacity, the simulation 
of the displacement response in time or only the identification of the failure mech-
anism. On the other hand, most postdictions evaluated the seismic displacement de-
mand, which is compared with the displacements recorded in the last tests (at col-
lapse). Taking advantage of the time available for postdictions, the sensitivity of the 
results to some variables, such as meshing, strength properties, analysis parameters, 
and input characteristics was also investigated in some cases.  
The failure mechanisms provided by postdictions do not differ largely from each 
other. All of them represented well the torsional response of the structures, whilst 
the bending strength of the façade resulted underestimated in most cases. Still, this 
does not allow to ignore the fact that the scatter in the predictions of the experts was 
too high, independently of the reliability of the single test made in the shaking table. 
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 Strengthen of earthen structures in Peru 
After the earthquake of Pisco, Peru in 2006 the conservation of local historic 
adobe buildings received extensive attention. A collaboration between the Minister 
of Culture in Peru and the Getty Conservation Institute (GCI) was started in order 
to assess the post-earthquake damage (Cancino et al., 2009). 
Next, the Getty Conservation Institute (GCI) initiated the Seismic Retrofitting 
Project (SRP), as a collaborative project. The ultimate objective of SRP is to provide 
low-tech seismic retrofitting techniques and easy-to-implement maintenance pro-
grams for historic earthen buildings in order to improve their seismic performance 
while preserving their historic fabric (Cancino et al., 2012). Using Peruvian building 
prototypes as case studies, the project aims to design and test these techniques; pro-
vide guidance for those responsible for implementation, including architects, engi-
neers, and conservators (Cancino et al., 2012); and, work with authorities to gain 
acceptance of these methods, with the goal of ultimately including them as part of 
the Peruvian National Building Code. 
Four prototype buildings in Peru have been adopted: Casa Arones is a representa-
tive example of a two stories mansion, located in the heart of Cusco, constructed at 
the end of the 16th century;  the Church of Kuño Tambo, a religious adobe structure 
of the 17th century, in the Cusco region; Hotel El Comercio, situated in Lima, a 
typical three-story patio mansion, L-shaped, built around two interior courtyards, 
dating back to middle 19th century, and, Ica Cathedral, a highly complex timber-
masonry structure of the 18th century, with parts of adobe and brick masonry on the 
exterior envelope, in the city of Ica. The latter is addressed here and further details 
are given in Ciocci et al. (2018).  
Safety assessment under current conditions 
The Cathedral of Ica is a highly complex structure with a rectangular plan, with 
a choir loft, a main nave, transept, altar and two lateral aisles. Two sub-structures 
are evident; an external masonry envelope and an internal timber frame. Built later 
in a neoclassical style, the main façade is of fired brick masonry, with a thickness 
of 2.25 m, flanked on both sides with massive bell towers. The lateral walls are of 
adobe masonry, over a base course of fired brick and rubble stone masonry. The 
entire timber frame system is comprised by a series of pillars, pilasters and a com-
plex vaulted roof system, with a traditional rendering technique of cane reeds nailed 
with leather strips, mud plaster and gypsum, known as quincha.   
Ica Cathedral has suffered damage due to a series of past earthquakes, namely in 
2007 and 2009, with a magnitude 8.0 and 5.8 respectively. The most recent earth-
quakes led to the collapse of several parts of the vaulted roof and the main dome. 
The masonry envelope also suffered extensive cracking. 
The first experimental vibration mode (2.84 Hz), see Figure 5, corresponds to 
the dominant mode in the transversal direction of the longitudinal side walls of the 
Cathedral. Both the longitudinal walls of the nave experience a first order out-of-
phase excitation with higher intensity in the northern wall, on the transept area. A 
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model updating process was conducted, regarding the masonry envelope and the 
updated material properties.  
 
 (a) 
                               (b)                                                             (c)   
         (d)                                                        (e) 
Figure 5 – Ica Cathedral: (a) Capacity curves for principal directions; (b) crack 
pattern of east facade (right) and collapsed main dome and barrel vault (left); 
(c) 1st mode shape from dynamic in-situ tests (2.84 Hz); (d) FE model in 3D view; 
(e) plot of maximum principal strain distribution near collapse. 
 
The structural behavior of Ica Cathedral is highly influenced by the interaction 
between the masonry envelope and the internal timber structure, resulting in a 
higher lateral capacity, compared to the value obtained from the masonry envelope 
alone. Out-of-plane stiffness values at early stages are governed by the response of 
the timber sub-structure. Yet, various stresses in timber connections were found in 
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critical state of failure, justifying the partial collapse of the vaulted roof and the 
central dome. According to the pushover nonlinear analyses, under a mass propor-
tional lateral load, the out-of-plane capacity of the main façade is 0.45g. Corre-
sponding cracks in the pediment and at connection areas with the choir loft were 
well correlated with damage in-situ, as shown in Figure 5. The out-of-plane capacity 
of the north lateral wall is 0.28g, much lower than the capacity demand of 0.45g for 
the region. Several flexural cracks are formed along the transversal wall, in the in-
terface plane with the rubble stone base course, together with vertical cracks in the 
intersection with the transept. Those cracks are also present on site. 
Traditional strengthening techniques 
A strengthening plan has to be aligned with conservation principles, namely min-
imal intervention, authenticity and reversibility. The strengthening philosophy and 
implementation, through traditional techniques, is long proven and present in many 
historic earthen buildings, though often disregarded in current strengthening prac-
tices. It involves the combination of additional mass and stiffness elements; i.e. but-
tresses and also bracing elements; i.e. corner keys, horizontal keys, bond beams and 
anchored tie beams. Material compatibility, consolidation and sufficient care in tim-
ber connection details are also of vital importance. 
Consolidation measures mostly involve the replacement of highly deteriorated 
adobe and base course masonry parts. The extent of replacement should be clarified 
from damage mapping and as limited as possible, so as to preserve as much of the 
historic fabric. Interlocking between old and new masonry parts should also be es-
tablished. 
Reestablishment or addition of buttresses can efficiently address low or compro-
mised out-of-plane capacity and minimize lateral deflections, especially in walls of 
large spans. Connectivity between the existing earthen walls and the new buttresses 
can be ensured e.g. by inserting horizontal timber elements at various heights, as 
shown in Figure 6a and b. 
For ensuring connectivity and substantial stiffness in corners between orthogonal 
walls and pillars, orthogonal or diagonal timber keys should be used, Ortega et al. 
(2017). The insertion should be made at horizontal planes of various elevations and 
involve mostly the upper parts of walls (Figure 6c and f). For existing cracks, sev-
eral processes that respect the historic fabric can be applicable, such as partial re-
placement of material, stitching, repointing and grout injections, with mud based 
grouts, Silva et al. (2012). 
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(a) New buttress, 
with horizontal tim-
ber keys and new 
interlocking, and 
geo-mesh 
(b) Horizontal timber key 
between buttress and ad-
joining wall. Vertical key 
anchors to enhance con-
nectivity
(c) Timber embedded cor-
ner keys in elevation. Con-
tinuous bond beam at top 
eave 
  
(d) Timber frame 
system, with bond 
beam, tie and verti-
cal timber anchors. 
(e) Connection between 
masonry wall and timber 
floor. Tying system with 
ties and timber anchors 
(f) Connection between 
masonry wall and timber 
pillar. Horizontal timber 
anchors 
 
(g) U-beam at top eaves (h) Bond-beam at top eaves in the periph-ery of the nave 
Figure 6: Detailing of traditional strengthening techniques. 
 
Additional lateral restrain, in the case of series of walls in longitudinal alignment, 
can be offered by means of tie beams. The system is placed at the level of the top 
eaves, embedded favorably along the entire thickness of the walls. It is subjected to 
both axial tension and compression, given the dynamic character of seismic loads. 
Thus, for the system of ties to work, both in tension and compression, an adequate 
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anchoring system is needed. A double system of vertical timber anchors, attached 
close to the interior and exterior surfaces of each wall is proven effective (Figure 6d 
and e). Though, the overall activation is expected low in case of walls with similar 
out-of-plane bending stiffness.  
Lastly, the implementation of an internal horizontal timber frame system, at the 
top level and entire thickness of earthen walls, can enhance substantially the capac-
ity under lateral forces. Namely, a bond-beam or U-beam (Figure 6g and h), which 
can also serve as support system for roof rafters (wall plates). The whole system 
can be also connected with a system of tie beams, plates and anchors, forming a 
combined internal and external timber frame system (Figure 6d). For the tying sys-
tem to perform, timber elements need to be confined in masonry and subjected to 
normal vertical stresses, from overlapping masonry parts and roof loads, so that 
friction or shear action is available. 
Safety assessment after strengthening 
The implementation of the strengthening provides a minor increase in stiffness 
and a large increase in capacity, compared to the current state. The two substructures 
deform more uniformly, under more rigid connections and the seismic demand of 
0.45g in the lateral capacity of the north lateral wall is surpassed (Figure 7). Com-
pared to the current state, the capacity in the north-south direction is increased by 
100%. Flexural cracking is observed, less in extent and size, over a distributed area 
of the north-west corner, compared to extensive diagonal and horizontal fragmen-
tations at current state (Figure 7). 
Conclusions 
The out-of-plane seismic response for unreinforced earthen and masonry walls 
are far from trivial. Capturing all aspects of behavior may easily escape the most 
proficient of modelers. Considerable variance can occur in assessments done by 
different modelers due to the complexities of nonlinear dynamic response of these 
truly three-dimensional structures. Because of this, a user must acknowledge that 
his or her own model is likely to not represent actual response precisely despite the 
complexity of the model or the analysis tool.  
Despite the modeling challenges, structural earthquake engineers should not for-
get their primary objective – that being to safely assess the capacity of a given build-
ing structure with respect to collapse and thus protect the lives of its occupants and 
the people outside the building. With regard to this objective, some conservatism is 
much better than the converse. However, excessive conservatism must be circum-
vented when economies of retrofit solutions may not be practical or the impact on 
the cultural heritage may be too severe. 
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 (a) 
 (b) 
Figure 7: Ica Cathedral: (a) load-displacement diagram, at the top of the north 
wall. Note the seismic demand of 0.45g (in red); (b) distribution of maximum 
principal tensile strains at ultimate condition. 
 
The blind test prediction of the out-of-plane seismic capacity of a masonry struc-
ture resulted extremely challenging. Predictions of the failure mechanism displayed 
a large variability, mainly depending on the assumptions on: (i) the effectiveness of 
the connections between front and side walls; (ii) the bending strength of the façade; 
and (iii) the in-plane strength of side walls. A method to achieve good estimates 
appears unavailable, whilst a combination of numerical discrete models and engi-
neering judgement seems able to provide the best guess of the failure mode. Esti-
mates of capacity also differed largely, with an underestimation, in one case signif-
icant, of the actual capacity, even when the correct failure mechanism was assumed.  
The tools available for researchers and practitioners may significantly contribute 
to the estimate of seismic safety of existing earthen and masonry structures, but 
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appear by themselves not yet sufficient for a refined prediction of the failure mech-
anism and a reliable estimate of the seismic displacement demand. Still, advanced 
simulations are the current best guess for engineering applications. Investment on 
dynamic identification and monitoring and well-designed non-destructive field test-
ing in engineering applications are essential, as they allow calibrating the numerical 
models and increasing the reliability of structural analysis.  
Traditional strengthening techniques can improve the integrity of earthen struc-
tures, increase the out-of-plane capacity and redistribute seismic loads, between 
transversal and longitudinal walls, ensuring a so called ‘integral behavior’. Com-
monly used, traditional strengthening techniques involve the use of buttresses, to-
gether with systems of timber strengthening elements, such as bond beams, anchors, 
corner keys and tie beams. 
 Under the Seismic Retrofitting Project of the Getty Conservation Institute, USA, 
extensive inspections, surveys, in-situ testing and nonlinear structural analyses of 
earthen historic structures, assessed the current state and revealed structural defi-
ciencies. For one case studies, Ica Cathedral, a complete design and assessment of 
the above-mentioned strengthening solutions are incorporated. For the retrofitted 
structures, performance criteria and seismic local demands were met, with sufficient 
safety and acceptable levels of repairable damage. 
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